ABSTRACT
INTRODUCTION
Regulation of transcription occurs through the concerted actions of multiple TFs that bind to CRMs (Arnone and Davidson (1997) , Kirchhamer et al. (1996) ). Experimental techniques such * to whom correspondence should be addressed as chromatin immunoprecipitation followed by sequencing (ChIPseq) have provided valuable insight into the mechanisms governing gene regulation. However, these techniques produce large amounts of data of variable quality, inherent to the complex experimental conditions employed (Park (2009) ). The inconvenience together with high data analysis costs, make this strategy unappealing without specific information to help reduce the dataset before performing experiments.
The availability of more efficient sequencing techniques, together with the growing number of genomes deposited on public databases, provide an ideal scenario for development of bioinformatics tools facilitating design of future experiments in this field. Several tools have been recently developed to search and characterize the TFBSs of CRMs by dissecting relationships among them (Van Loo and Marynen (2009) ). Currently available TFBSs search tools can be grouped into two major approaches: i) Motif discovery: TFBSs are inferred by analyzing a group of sequences that are considered to be under the regulation of a particular transcription factor, and ii) Motif search: to determine the location where a TF is more likely to bind by searching its corresponding TFBS over sequence datasets.
The constant progress in experimental technologies and the establishment and execution of initiatives such as the ENCODE project (Raney et al. (2011) ) have helped to characterize large sets of TFBSs. Thus, a considerable amount of Position Weight Matrices (PWMs, i.e. elements that represent a group of sequences that are recognized by a specific TF) have been deposited on databases such as TRANSFAC (Matys et al. (2006) ), JASPAR (Bryne et al. (2008) ), and UniPROBE (Newburger and Bulyk (2009) ). Such matrices derived from alignment and processing of target sequences can be employed to search potential TFBSs over genomes and sequences as well as to establish potential sites of gene regulation. An important limitation of this methodology is its high false positive rate (FPR). According to the futility theorem (Wasserman and Sandelin (2004) ) the presence of non-functional binding sites for a given transcription factor can be three orders of magnitude higher compared to the actual number of functional sites of genomes (Tronche et al. (1997) ). FPR reduction without compromising the sensitivity of the method is challenging and several strategies have Rohr, Parra et al been designed to tackle this problem. However, many of these tools are organism specific (i-cisTarget, DiRE), discontinued in their maintenance (MSCAN, cis-analyst), outdated (ModuleMiner, TFBScluster, PReMod), or lack flexibility and are difficult to use by non-computational scientists (as reviewed by Van Loo and Marynen (2009) ). Importantly, most of these tools do not allow implementation of rules regarding the relationships between the individual TFBSs of a particular CRM (Frith et al. (2003) ). This caveat represents a significant limitation during CRM screening. Nevertheless, most of these tools have proven quite valuable to the scientific community, assisting in the characterization and study of CRMs.
Here we present INSECT (IN-silico SEarch for Co-occurring Transcription factors), a novel motif search web tool for identification of potential TFBSs and CRMs. By combining different strategies, INSECT allows for complete and flexible analysis of multiple co-occurring TFs binding sites. We have compared INSECT performance with other tools analyzing experimental data related to the regulation of genes by Sox2 and Oct-4 TFs in Embryonic Stem Cells (ESCs). The regulatory networks of mouse and human ESCs properties have been studied extensively (Rodda et al. (2005) , Boyer et al. (2005) ). Many target genes of the Sox2 and Oct-4 transcription factors have been identified using genome-wide chromatin immunoprecipitation followed by DNA microarray analysis (Boyer et al. (2005) , Loh et al. (2006) ). These TFs (in addition to an additional TF, Nanog) appear to act in concert to regulate a limited repertoire of target genes, tightly regulating the ESCs pluripotent state.
MATERIALS AND METHODS

Experimental datasets
In order to assess INSECT performance we selected two experimental datasets.
Rodda dataset. The exact sequences and positions that are bound by Sox2 and Oct-4 in six genes were previously experimentally reported (Table 1 ) Rodda et al. (2005) . Regions from -5Kb to +5Kb relative to the TSS were scanned for each gene. Boyer dataset. Genome-wide Chromatin immunoprecipitation (ChIP) assay was previously performed and reported by Boyer et al. (2005) . We used a subset of genes reported by Sun et al. (2009) that bind Sox2 and Oct-4 cooperatively in their proximal promoter region (from -1Kb to the TSS) from which after mapping to Ensembl Gene IDs, we obtained 79 genes (Supplementary Table S4 ).
Sox2 and Oct-4 PWMs used for CRM searches
The INSECT module to create PWMs was used to make two PWMs from the Sox2 and Oct-4 binding sequences of the Rodda dataset. In addition, the PWM for Pou5f1 (Oct-4, MA0142.1) publically available from JASPAR was also used.
Benchmarking to other computational approaches
INSECT performance was compared to three tools with comparable search features: CPModule (Sun et al. (2012) ), Cluster Buster (Frith et al. (2003) ), and MotifViz (Fu et al. (2004) ). The performance was measured using the following parameters [Equations (1-3)]:
where MCC is the Mathews Correlation Coefficient, TP are the true positives, TN are the true negatives, FP the false positives, and FN the false negatives.
PWM construction and formats
INSECT use the TFBS Perl module (Lenhard and Wasserman (2002) ) to implement the PWMs creation from a multiple sequence alignment (MSA). Although TFBS allow for the construction of different types of scoring matrices (ICM, PFM and PWM), we chose the TFBS PWM building module. Scoring matrices in PFM and PWM format can also be uploaded. Other modules in TFBS Perl module were also used to perform PWM searches.
PWM scoring
The score assigned by a PWM m to a substring S = (Sj) N j=1 is defined as N j=1 m s j ,j , where j represents position in the substring, s j is the symbol at position j in the substring, and m α,j is the score in row α, column j of the matrix. PWM scores are calculated as the sum of position-specific scores for each symbol in a given substring. We assume a direct association between the DNA sequence variability in the binding sites and the binding affinity (or activity) for the particular protein that recognizes these sites (Berg and von Hippel (1987) , Stormo and Fields (1998) ). In this context, if enough number of sequences were employed to build the PWM, higher TF binding affinities would be indicated by higher PWM scores, being the maximum matrix score, M M Sc = N j=1 max(m j ). Substrings will have PWM scores no greater than its MMSc. The score of every substring is divided by the MMSc in order to normalize the TF affinities and provide a score that is comparable among different factors without a length motif bias.
Score threshold setting
TFBSs search using a PWM requires defining a score threshold in order to determine if a sequence is defined as a potential TFBS or a false positive. A low score threshold usually leads to the appearance of spurious matches, making the prediction of potential TFBSs difficult due to a high False Positive Rate (FPR). Therefore, users need to define and set an optimal threshold for each search. For Sox2 and Oct-4 score thresholds estimation refer to the results section 4.1.
THE INSECT WEB SERVER
INSECT was designed as a user-friendly tool for non-computational scientists to perform motif search complex analysis. Here we briefly describe the main features in the INSECT web server. For the Pou5f1 PWM INSECT analysis we used an 86% score threshold in sliding window mode, without strand restriction. CPModule was used using the same eight random matrices as before, the raw score was set in 7, and the background sequence was mouse chromosome 19. Cluster Buster was executed with the default parameters. For MotifViz, the motif score threshold was set in 7.62 and mouse chromosome 19 used as background.
INSECT
Note that by using the JASPAR matrix, a single motif search instead of a CRM search was performed since the two motifs for Sox2 and Oct-4 were included in the same matrix. By applying this approach, the master driven search is not necessary any longer as the distance restriction is implicitly imposed in the matrix definition itself (spacing 0 between Sox2 and Oct-4). Additionally, a relative orientation between the two sub motifs (Sox2/Oct-4 is allowed while Oct-4/Sox2 is not) is implicitly applied.
Comparative analysis over ChIP data (Boyer dataset)
Matrices derived from the Rodda dataset and the threshold that maximized the MCC for detecting the true positive over those genes were initially used to perform the Sox2/Oct-4 CRM search over 79 genes from the Boyer Dataset. As with the Rodda dataset comparison, the Pou5f1 matrix from JASPAR was also used. The spacing between Sox2 and Oct-4 binding sites is known to be greater than 0 for genes like Fgf4, but the Pou5f1 matrix contains both Sox2 and Oct-4 motifs with spacing 0 among them. We overcame this cooccurrence limitation in the analysis by truncating the Pou5f1 matrix into the two independent Sox2 and Oct-4 matrices to perform the CRM search. This methodology is valid due to independence among positions in a PWM, where the score calculation at each position is independent from other positions. These two matrices were used to search Sox2/Oct-4 binding sites with a spacing distance up to 3 bp, the same as for Rodda derived matrices. Additionally, the relative orientation between Sox2 and Oct-4 was also suppressed when splitting Pou5f1 matrix into two independent matrices. The CRM searches of the Boyer dataset were performed using INSECT on the proximal promoter regions corresponding to the -1Kb/TSS for each gene, because the ChIP peaks were detected experimentally within this regions. INSECT analysis of the Boyer dataset, with Rodda derived matrices and threshold, found 2 genes only. For the case of the Pou5f1 matrix 19 genes were hits. The number of hit genes increased to 31 when the partitioned Pou5f1 matrices were used (Table 3A) . The difference in the values obtained is most probably due to the Pou5f1 matrix possibly allowing for higher variability in the represented TFBS (Figure 2) , and higher variability of the TFBSs within the regulatory regions of genes from Boyer versus Rodda datasets. Since the true positive binding sites are not known, MCC values cannot be calculated to optimize the threshold parameter, or to compare performance with other tools. Alternatively, the number of genes that had at least one valid match (positive genes), the total detected TFBS sites, and the average number of sites per gene were reported. A score threshold analysis found that an 80% threshold improves the number of hit genes without compromising the number of detected sites per gene (data not shown). These results are summarized in Table 3B . 
Integration of INSECT results with other resources
In recent years, the number of databases containing experimental derived information has proliferated. Databases such as Gene Ontology and the ENCODE project have provided researchers with powerful resources to assist in hypothesis construction and further validation (Raney et al. (2011) ). INSECT allows the visualization of hits for positive genes as tracks in the UCSC Genome Browser which permits examination of the detected CRMs genomic environment in the context of experimental information present with many available tracks. This INSECT feature is
